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· . I. . lNTRODUC TI ON
Atoms ~or molecUles cont~ning ·u.npa.ired electro:q.s eXhibit paramagnetism.
The most common species of this kind is the free radical. As might be expected, most free radicals are transient species with very short lifetimes. When formed (generally by thermal decomposition or photolytic means) they undergo interesting addition reactions (e.g. methylene insertion), act as initiators in polymerization processes, and participate in many other reactions of concern to the organic chemist. The electronic structure of these radicals is obviously a subject of great interest. Some paramagnetic species also exist at relatively high concentrations and are therefore amenable to study with photoelectron spectroscopy.
There have been several reports of ultraviolet ·photoelectron spectroscopic studies on free radicals. 1 -7 . . .
This technique is capable of yielding binding energies
of electrons 1n the outermost molecular orbitals, which are usefUl in assessing the involvement of the unpaired electron in molecular interactions.
X-ra;y photoelectron spectroscopy also yields information on the valence electron distribution. The binding energy of a particular core level is related to the electrostatic potential of that level due to the nuclei and the other electrons in the system. Different chemical environments will produce different ·valence electron distributions and hence different binding energies for core levels of a given atom. This well-known phenomenon is termed the chemical shift. 8
The core-level spectra of paramagnetic species show an additional interesting feature. In a system containing one or more unpaired spins, the . . 9 . ~onization of a core electron leads to at least two f~nal states; one ~n which the remaining core electron is coupled parallel to the valence spin, -2- and one in which the spins are antiparallel. The energies of the two final states will not be identical. Thus one expects to see two peaks in the core,... level spectrum, separated by . the. energy difference between the two final states. This phenomenon is termed multiplet SJ>litting of core-level binding energies. It was first reported in molecules by Hedman~ ~~., 10 12 . It has since been studied in transition metal salts 13 -lB and in the valence-band spectra of metal~. •
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II. EXPERIMENTAL
The new species reported in this work are ( respectively, in a. special cell constructed for this purpose. The cell was made of stainless steel and consisted of two chambers.-The gas was first admitted into a. "prehea.ter" chamber in which thermal decomposition of the dimer took place. This chamber was heated by tantalum wires non-inductively wound inside boron nitride plates. The gas then passed through a constriction and into the second chamber which was maintained at the same temperature. Here it was exposed to the x-rays. The temperature was monitored through the use of a. Pt, Ft-Rh thermocouple near the cell. N 2 04 exists in equilibrium with N0 2 at room temperature. At the pressures in the gas cell, the decomposition to N0 2 is nearly complete 26 at room temperature.
The thermal decomposition 2N0 2 -+ 2NO + 0 2 begins to be important at 150°C and is essentially complete at 600°C. The spectrum of N0 2 in the temperature range 150-170°C (identical to the room temperature spectrum)
is shown in Fig. 1 The experimental data were anal;y-zed by a least-squares fit to a Lorentzian peak shape with provision made for the spin-orbit splitting of the exciting radiation. In the case of photoemission peaks showing multiplet splitting, the spectra were reproduced with an intensity ratio of the triplet:
singlet core doublet of 3.4:1.
/
Prior work has shown that the derived value of the splitting is relatively insensitive as to whether the ratio is taken to be that of the spin multiplicities (3:1) or allowed to vary. 23 The binding energies and splittings so obtained are presented in Table I of an impurity which seemed to diminish with time. The source of the impurity may be due to sample handling techniques or to a reaction within our gas cell.
The splittings reported for this compound therefore represent an upper limit for the magnitude of the multiplet splitting, because the· asymmetric peak shapes may possibly reflect impurities as well. as the exchange interaction itself.
In photoelectron spectroscopythe fundamental energy conservat:ion equation is (1) where hv is the incident radiation energy~~ is the total energy of the final hole state, Ei is the total energy of the initial state, and T is the kinetic energy of the photoelectron produced. with the one-electron orbital energies defined by
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Here p and q refer to the number of occupied a. and B MO's, respectively, and H .. is the core Hamiltonian term
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j i where the sUm is over all occupied molecUlar orbitals except the· core orbi ta.ls.
Recalling Eqs. (2), one then obtains 
(10) (13) where p is the spin density in atomic orbital X and K is the exchange In the derivation of (13) we have explicitly invoked Koopmans' Theorem.
Electronic relaxation accompanying photoemission is therefore neglected. At 
Here Sk is the spin quantum number of the ak configuration and K is the as exchange integral between the orbital containing the unpaired spin(s) -10- and the s orbital being coupled to it. In attempting to generalize (14) to molecular systems, we would require that the splitting be given by the spin multi- to FO • Since photoemission is a fast process, the molecular geometry used for a calculation on the hole state is the same as that for the parent molecule.
The experimental and calculated splittings, along with the geometries used for the calculations, are summarized in Table II . Figure 3 shows a comparison of the MHT and UHF "frozen orbital" theories for ll 1 s (Eqs. (15) and (13)) with experiment. The MHT equivalent-core hole state results (Eq. (15)) are compared with experiment in Fig. 4 .
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IV. DISCUSSION
It is clear from Table II that Table II . In no case did the correction amount to more than 0.05 eV. While it was found that ·some· of the integrals were rather large ( 0. 218 eV for F(ls )---N(2p ) at R = 1.15 A) most of the unpaired spin was usually in a p .
.
TI orbital for which the exchange integral with a ls orbital on the adjacent center was nearly zeroo A plot of the exchange integrals vs internuclear distance is shown in Fig. 6 . As one might expect, the exchange integral between a ls orbital and an adjacent-center n = 2 orbital is directly proportional to the square of the overlap integral, as shown in Fig. 7 . For the convenience of - 15- future workers in this area we have included in Figs. 6 and 7 enough information to permit estimates of (ls) -(adjacent center n = 2) exchange integrals either directly (Fig. 6) or from overlap integrals (Fig. 7) .
In the remainder of the molecules studied, the "hole state" MHT approach is generally better. The phenomenon of spin migration accompanying photoemission is obviously very important. For all cases studied in this analysis (with the exception' of NF 2 ), there is a decrease in spin density on an atom when its nuclear charge is increased by one (corresponding to inrter shell ionization). This occurs in spite of the fact that the net electronic population on the atom always increases by 0.5 to 1 electron. In general, upon core ionization the bonding orbitals increase in electron densi~y at the ionized atom, whereas the contribution of the ionized center in the anti-bonding orbitals tends to decrease. Although spin migration arises from the relaxation mechanisms of the entire set of a and S molecular orbitals, as a first step in understanding the phenomenon one is ·- 16-LBL-1915 naturally led to consider those processes occurring in the highest·occupied a molecular orbital, which contains the unpaired electron.
Since, in the mole~ules studied in this work, the highest occupied molecular orbital is antibonding in character, its contribution to the electron density at the ionized center in the hole state decreases. Thus spin density seems to migrate away from the hole. The apparent anomaly in NF 2 must reflect a more subtle rearrangement of the a and S wavefunctions which lie "deeper" than the highest occupied MO.
The absolute values of the binding energies deserve comment. Figure 1 shows a steady 50 The unusual width of the F(ls) peak and the improved fit with two lines would be consistent with the presence of two rotamers, but we do not regard this as very strong evidence. The shift deduced from fitting the spectrum with two peaks of equal intensity ratio and a FWHM of 1. 40 eV is presented in Table I. • -19-LBL-1915 
V. CONCilJSIONS
Multiplet hole theory on the "equivalent cores" INDO iohs satisfactorily describes the magnitude of core level splitting in paramagnetic molecules.
It wa5 found that one can qualitatively predict trends in the multiplet splitting in terms of the amount of unpaired spin d~nsity residing on the atom in question, provided that spin migration accompanying photoemission is considered.
For molecules in wpich migration pleys an important role, Koopmans' theorem estimates are inapplicable. ! priori determination of the direction of spin migration is not well understood. However, in the cases studied here the general rule is that spin tends to migrate away from the ionized center, in opposition to the direction of charge flow.
Although the present technological level of instrumentation does not permit studies of the much greater number of radicals that exist in small concentrations, further refinements may make the technique of general use in the study of free radicals. XPS measurements are complementary to the spin density distributions obtained from ESR studies.
- 20- Table II. (continued) dit is not possible to perform an "equivalent cores" hole state calculation in this case since it would involve the neon atom which is not accounted for in the INDO parameterization. .. 
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